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Abstract 
Background and Objective: A number of bone filling materials containing calcium 
(Ca++) and phosphate (P) ions have been used in the repair of periodontal bone defects; 
however, the effect that local release of Ca++ and P ions have on biological reactions 
is not fully understood. In this study, we investigated the effects of various levels of 
Ca++ and P ions on the proliferation, osteogenic differentiation, and mineralization of 
human periodontal ligament cells (hPDLCs). 
Materials and Methods: hPDLCs were obtained using an explant culture method. 
Defined concentrations and ratios of ionic Ca++ to inorganic P were added to standard 
culture and osteogenic induction media. The ability of hPDLCs to proliferate in these 
growth media was assayed using the Cell Counting Kit-8 (CCK-8). Cell apoptosis 
was evaluated by FITC-Annexin V/PI double staining method. Osteogenic 
differentiation and mineralization were investigated by morphological observations, 
alkaline phosphatase (ALP) activity, and Alizarin red S/von Kossa staining. The 
mRNA expression of osteogenic related markers was analyzed using a reverse 
transcriptase polymerase chain reaction (RT-PCR). 
Results: Within the ranges of Ca++ and P ions concentrations tested, we observed that 
increased concentrations of Ca++ and P ions enhanced cell proliferation and formation 
of mineralized matrix nodules; whereas ALP activity was reduced. The RT-PCR 
results showed that elevated concentrations of Ca++ and P ions led to a general 
increase of Runx2 mRNA expression and decreased ALP mRNA expression, but gave 
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no clear trend on OCN mRNA levels. 
Conclusion: The concentrations and ratios of Ca++ and P ions could significantly 
influence proliferation, differentiation, and mineralization of hPDLCs. Within the 
range of concentrations tested, we found that the combination of 9.0 mM Ca++ ions 
and 4.5 mM P ions were the optimum concentrations for proliferation, differentiation, 
and mineralization in hPDLCs. 
 
Keyword: human periodontal ligament cells; calcium; phosphate; osteogenic 
differentiation; ceramics 
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Introduction 
Human periodontal ligament cells (hPDLCs) are highly specialized cells that 
reside within the periodontal ligament (PDL). These cells can differentiate into either 
cementoblasts to synthesize tooth root cementum, or osteoblasts to synthesize alveolar 
bone providing skeletal support of the tooth [1]. Previous studies indicate that 
hPDLCs possess osteoblastic properties, such as high alkaline phosphatase (ALP) 
activity, capacity for production of bone-like matrix proteins, and formation of 
mineralized nodules [1,2]. Periodontitis is characterized by the loss of the supporting 
alveolar bone and the soft connective tissue attachment to the teeth, which can lead to 
loosening and subsequent tooth loss [3].  
The regeneration of alveolar bone following its loss is one of the primary goals 
in the treatment of periodontitis. In many cases, filling and restoring alveolar bone 
defects using synthetic bone replacements is an accepted means of treatment [4] and 
bone substitutes, such as hydroxyapatite (HA), tricalcium phosphate (TCP), and 
bioceramic phosphates (BCP), have been proposed for use in the regeneration of 
alveolar bone defects. Calcium (Ca++) and phosphate (P) are the principal components 
of these ceramics-based filling materials or scaffolds [5,6,7], which exhibit various 
Ca/P ratios and release profiles of Ca++ and P ions into the local environment and 
interstitial fluids. It has previously been reported that Ca++ and inorganic P ions 
concentrations exceed normal physiological concentrations at bone erosion sites [8]. 
This free release of Ca++ or P ions may have a significant impact on the local tissues 
and the nearby cell populations [9, 10, 11]; the effects, however, of increased Ca++ 
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and P ion concentrations on hPDLCs with respect to periodontal regeneration has not 
previously been analyzed. 
In this study, we hypothesized that an elevation of Ca++ and P ion concentrations 
in the local environment would significantly affect cell proliferation, differentiation, 
and mineralization capacities of hPDLCs. The influence of different concentrations 
and ratios of Ca++ and P ions on the proliferation, differentiation and mineralization of 
hPDLCs was therefore investigated in vitro.  
 
Materials and methods 
Cell culture 
hPDLCs were obtained from healthy premolar teeth extracted for orthodontic 
reasons from subjects less than 20 years of age. The experimental protocol used was 
approved by the Ethics Committee of Sun Yat-sen University, and informed consent 
was obtained from all subjects. Briefly, fresh PDL tissues were collected immediately 
after the teeth had been extracted in the clinic. The PDL tissue was removed from the 
middle-third of the root using a sterile scalpel, and then dissected into small pieces 
and soaked in fresh Dulbecco's Modified Eagle's Medium (DMEM/High Glucose; 
Hyclone, Beijing, China) containing 20% fetal bovine serum (FBS; BioInd, Israel) 
and 2% (v/v) penicillin/streptomycin (Invitrogen) and plated out on tissue culture 
plastic. The explant cultures were incubated at 37°C in a humidified atmosphere of 
5% CO2 and cells typically emerged 1–2 weeks after plating. The cells were 
subcultured after reaching about 80% confluency through trypsinization 
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(trypsin/EDTA, Invitrogen). Morphological analysis and immunocytochemical 
analysis were used to characterize the cell lineage. The primary antibodies of 
anti-vimentin (Boster, Wuhan, China) and anti-keratin (Cwbiotech, Beijing, China) 
were applied to the cultured cells for this characterization. 
 
Calcium and phosphate supplements 
The basal DMEM medium used in the experiments contains 1.8 mM Ca++ ions 
and 0.9 mM P ions (Ca/P ratio of 2.0) and served as the control. Defined amounts of 
ionic Ca++ and P were added to the basal medium to test the cellular response. Ca++ 
ions were prepared from CaCl2 as a sterile 1.8 M solution in water, and P ions were 
obtained from Na2HPO4 and NaH2PO4 in a 4:1 molar ratio as a 0.9 M solution in 
water at neutral pH. All supplements were added fresh to the culture medium before 
being applied to the cell cultures. To analyze cell proliferation and osteogenic 
differentiation, Ca++ and P ions were added to complete basal medium (DMEM 
containing 10% FBS and 2% penicillin/streptomycin) and osteogenic differentiation 
medium (DMEM with 10% FBS, 2% (v/v) penicillin/streptomycin, 10-8 M 
dexamethasone, 50 µg/ml ascorbic acid, and 8 mM β-glycerophosphate). The 
concentrations of Ca++ ions and P ions added in the culture medium had to be 
optimized since a Ca++ concentration greater than 9 mM and a P concentration greater 
than 4.5 mM invariably led to significant cell death during the experimental period. 
Therefore, the concentration regime of Ca++ and P ions tested in this study were: 
1.8 mM Ca++ + 0.9 mM P (Ca/P ratio of 2.0) as control. 
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Addition of Ca++ only: 5.4 mM Ca + 0.9 mM P (Ca/P ratio of 6.0); 9.0 mM Ca + 0.9 
mM P (Ca/P ratio of 10.0). 
Addition of P only: 1.8 mM Ca + 2.7 mM P (Ca/P ratio of 0.67); 1.8 mM Ca + 4.5 
mM P (Ca/P ratio of 0.4). 
Addition of both Ca++ and P: 5.4 mM Ca +2.7 mM P (Ca/P ratio of 2.0); 5.4mM Ca 
+4.5 mM P (Ca/P ratio of 1.2); 9.0 mM Ca +2.7 mM P (Ca/P ratio of 3.3), and 9.0 
mM Ca +4.5 mM P (Ca/P ratio of 2.0). 
 
Cell proliferation assay 
hPDLCs were seeded at a density of 1×104/cm2 in 96-well plates in complete 
growth medium, at five repeats for each group. After 24 h, the culture medium was 
replaced with the cell culture medium with the defined concentrations and ratios of 
Ca++ and P ions described above. Changes in cell growth viability were analyzed 
using the Cell Counting Kit-8 (CCK-8; Beyotime, Shanghai, China) at days 1, 3, 5, 
and 7 following subculturing into the defined media; these kits are considered to be 
more sensitive than those based on tetrazolium salts such as MTT, XTT, MTS or 
WST-1. Briefly, the growth medium was removed and replaced with 15 µL of CCK-8 
solution, then incubated at 37ºC for 4 h in a CO2 incubator. The absorbances of the 
supernatants were read on a plate reader at 490 nm. 
 
Annexin-V/PI double-staining assay 
Cells were cultured in growth culture medium with defined concentrations and 
 8 
ratios of Ca++ and P ions, as described above, for 14 days then 1×105 cells were 
harvested and resuspended in PBS. Apoptotic cell death was detected by 
FACSCalibur flow cytometry (Becton Dickinson, San Jose, CA), using an 
Annexin-V-FITC Apoptosis Detection kit (BD Pharmingen) which can do double 
staining with recombinant FITC-conjugated Annexin-V and PI, according to the 
manufacturer’s instructions. Early apoptotic cells are Annexin-V+/PI– whereas late 
apoptotic cells are Annexin-V+/PI+. 
 
Alkaline phosphatase (ALP) assay 
Following 7, 14, and 21 days in culture, ALP activity was determined using an 
ALP activity assay kit (Jiancheng, Nanjing, China) according to the manufacturer’s 
protocol. In brief, cells were washed three times with 10 mM PBS, and then 1 ml of 
cold 10 mM Tris-HCl buffer, pH 7.4, containing 0.1% Triton X-100 was added to 
each well followed by lysis through two freeze/thaw cycles. Aliquots of these 
supernatants were placed into 24-well plates to which 50 µl per well of an ALP 
substrate solution (2 mM MgCl2 and 16 mM p-nitrophenyl phosphate) was added. 
After incubation at 37ºC for 30 min, the reaction was stopped by the addition of 50 µl 
of 200 mM NaOH, and the liberated p-nitrophenol was measured on a plate reader at 
520 nm.   
 
Cell-free controls and Alizarin red S/ Von Kossa staining 
A series of cell-free controls, corresponding to each treatment group, were 
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conducted to determine if spontaneous precipitation occurred as the result of Ca++ and 
P ions supplementation under conditions similar to that of the cell culture. 
At the day 5, 7 and 13 of culture, the process of mineralized matrix deposition 
formation was visualized using an Alizarin red S staining kit (GENMED, Shanghai, 
China). A Von Kossa staining kit (GENMED, Shanghai, China) was used to analyze 
mineralized matrix deposition on the cells after 21 days of culture. Images of the 
stained cells in each well were captured using an inverted phase-contrast microscope 
(OLYMPUS IX41) at various magnifications. 
 
RNA extraction and RT-PCR 
Following 21 days of osteogenic induction culture, the expression levels of 
osteogenic markers were determined by RT-PCR. The total cellular RNA from each 
group was harvested using Trizol Reagent (Invitrogen), and reverse transcribed using 
RevertAid™ M-MuLV Reverse Transcriptase (MBI/Fermentas, Canada). Target gene 
expression was normalized relative to the housekeeping gene GAPDH. The 
conditions for PCR were as follows: 94ºC (3min), then 28 cycles of 94℃ (30 s), 60℃ 
(30 s), and 72℃ (20 s), with a final 3 min extension at 72℃. Forward and reverse 
primers are shown in Table 1. 
 
Statistical analysis  
Results were expressed as mean ± standard deviation (M ± SD). Means were 
analyzed by one-way analysis of variance (ANOVA) using the SPSS17.0 software 
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package. A value of p < 0.05 was accepted as statistically significant.  
 
Results 
Characterization of hPDLCs 
Primary hPDLCs typically germinated within 5 days, and were confluent after 
approximately 2 weeks. These monolayered cells exhibited a fibroblast-like 
morphology with a characteristic spindle shape. Immunofluorescent analysis showed 
these cells tested positive to vimentin (Figure 1A), and negative keratin (Figure 1B), 
an indication that these were mesoderm-derived fibroblasts (Fig. 1).  
 
Increased levels of Ca++ and P ions promote late but not early 
proliferation of hPDLCs 
The hPDLCs showed a maximum level of proliferation in the control media (1.8 
mM Ca/0.9 mM P) after 24 h stimulation. Compared to this control group, the cell 
proliferation levels in all the other experimental groups were inhibited; the 1.8 mM Ca 
/4.5 mM P (Ca/P ratio of 0.4) and 9.0 mM Ca /4.5 mM P (Ca/P ratio of 2.0) groups 
showed significantly retarded growth (p < 0.05). Interestingly, examination of cells at 
days 3, 5 and 7 revealed that Ca++ and P ions supplements to various degrees, 
appeared to enhance cell proliferation. We observed that when the cells were grown in 
the presence of increased levels of Ca++ and P for longer periods of time, the cell 
proliferation levels tended to increase. At the early time-points, there was no 
statistically significant difference in cell proliferation levels between experimental 
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groups and the control (p > 0.05) except in the cases of treatment for 1.8 mM Ca/4.5 
mM P and 9.0 mM Ca/4.5 mM P on days 3 and 5. However, after 7 days of culture in 
growth medium, all the experimental groups showed significantly increased 
cell proliferation in concentration-dependent manner (p < 0.001) (Fig.2). It can be 
concluded that the ionic Ca++ and inorganic P supplements were able to promote late 
but not early proliferation of hPDLCs. 
 
Ca++ and P ions affected apoptosis in hPDLCs 
After treatment with increased Ca++ or P ion supplements for 14 days, the 
hPDLCs exhibited higher trend of cell apoptosis compared with controls (data not 
shown) and the rate of apoptosis significantly increased with higher combinations of 
Ca++ and P ions. The early apoptosis rate increased from 8.24% to 82.31%, and the 
late apoptosis rate elevated from 2.15% to 18.99% (Fig3). 
 
ALP activity is inhibited by elevated Ca++ and P ions concentrations 
during both early and late cell proliferation 
hPDLCs cultured in control media (1.8 mM Ca/0.9 mM P) displayed the highest 
levels of ALP mRNA and activity compared to the other experimental groups 
supplemented with Ca/P ions, and at all the time points.	 As was expected, the specific 
ALP activity in the control group progressively increased with time in culture. The 
expression of ALP in all other groups was similar to the controls and there were no 
obvious changes to ALP activity levels associated with either time in culture or media 
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conditions (Fig. 4).  
 
Increased Ca++ and P ions levels in culture medium promote and 
accelerate the process of mineralization of hPDLCs 
Mineral nodules first appeared after day 5 in the cell cultures grown in 9.0 mM 
Ca /2.7 mM P and 9.0 mM Ca /4.5 mM P medium. After 7 days in culture, nodules 
also appeared in the 5.4 mM Ca/2.7 mM P and 5.4 mM Ca/4.5 mM P groups; the 
most obvious mineralization nodes was found in the 9.0 mM Ca/4.5 mM P group. 
Control groups showed mineralization nodes at approximately day 13, by which time 
mineralized nodes stained by Alizarin red S in all the other experimental groups had 
increased (Fig5). Mineralization images captured before and after von Kossa staining 
of day 21 mineralization are shown in Figure 6. 
 
Elevated concentrations of Ca++ and P ions affect mRNA expression 
of osteogenic differentiation   
RT-PCR results for Runx2, ALP, and OCN are shown in Figure 7. Cells grown 
in the defined osteogenic media showed an upregulation of Runx2 mRNA compared 
to the controls, whereas ALP mRNA levels were down-regulated in all the 
experimental groups. OCN mRNA levels were not as clear cut showing increased 
expression in the 5.4 mM Ca/2.7 mM P and 9.0 mM Ca/4.5 mM P groups.  
 
Discussion 
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Prior to commencing the experiment proper, the optimum concentrations of Ca++ 
and P ions were first determined based on cell survival rates over the length of the 
experimental period. Ca++ ion concentration greater than 9 mM and P ions 
concentrations greater than 4.5 mM were found to induce significant cell death over 
this period. Based on these tests, the concentrations used in this study were in the 
range of 1.8–9.0 mM for Ca++ and 0.9–4.5 mM for P. This study demonstrated that 
the cell proliferation of hPDLCs was enhanced, by supplementation to the growth 
medium within these concentration ranges, of Ca++ ions and inorganic P ions, and 
various combinations of the two, in a time-dependent manner after a transient 
inhibition at day one.  
Ca++ are a ubiquitous intracellular messenger ions involved in the control of a 
number of cellular processes, including fertilization, mitosis, neuronal transmission, 
gene expression, and cell death [12]. Mammalian cells typically respond to 
extracellular Ca++ through calcium sensing receptors (CaR); these are G-coupled 
receptors found abundantly in a wide range of cells [12,13]. The effects of Ca++ on 
cell proliferation in the present study are similar to those seen in similar experiments 
in the same concentration range using human adipose-derived stem cells (hASCs) and 
mouse osteoblasts [14,15,16]. The most likely mechanism by which Ca++ ions affect 
the behaviour of these cells is via the activation of the CaR which promotes cell 
proliferation and differentiation [12,13,17]. The change in cell proliferation rates at 
different times seen in our study contrast with the study reported by Eklou-Kalonji et 
al. [18], who found that high extracellular Ca++ ions concentrations (5, 7, or 10 mM) 
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had a dose-dependent inhibitory effect on cell proliferation [18]. Another group found 
that when inorganic P in the growth medium is at or above 3 mM, a small rise in Ca++ 
concentration (0.1–1 mM) seemed to cause rapid apoptosis in both chondrocytes and 
osteoblasts [19]; similar result were reported in further studies in both osteoblasts [20] 
and chondrocytes [21] as a result of elevated phosphate levels. These findings, 
however, are by no means universal: Wu et al. [22] analyzed chondrocyte cultures, at 
various stages of development, grown in different culture media and found no 
significant apoptosis in response to elevated phosphate concentration. It is quite 
possible that the different cell responses reported may be due to the various cell types 
used (hPDLCs, hASCs, human osteoblasts or chondrocytes, porcine osteoblasts, and 
mouse osteoblast), as well as the results of differences in experimental conditions. 
The temporary suppression of cell proliferation we observed on day one, following 
exposure to Ca/P ions medium supplementation, could be a cellular response to 
changes in the extracellular microenvironment.  
ALP activity was most sensitive to elevated Ca++ and P ion concentrations and 
was inhibited in all the experimental groups. This inhibition, demonstrated by 
decreased mRNA expression and enzyme activity, was not an immediate response, 
but was sustained for the duration of the culture period and was consistent with that 
observe in similar studies with porcine osteoblasts [18], mouse MC3T3-E1 cells [23] 
and HBV155 OB-like cells [24]. These results all seem to indicate that suppression of 
ALP activity, by elevated Ca++ and P ion concentrations, is independent of the ionic 
media concentrations of either factor, as well as the cell type or species origin. ALP is 
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a membrane-associated enzyme and an early stage osteoblastic differentiation marker; 
its precise role in differentiation is, however, unclear. In the groups with elevated 
levels of Ca++ and P ions, we found mineralization to occur at an earlier stage but 
could not detect any changes in ALP activity at any of the time points analyzed. There 
clearly is not a positive linear relationship between ALP expression levels per se and 
the timing of formation and quantity of extracellular mineralization in cultured 
hPDLCs. Tissue-nonspecific alkaline phosphatase (TNAP) is necessary and sufficient 
to trigger bone extracellular matrix mineralization but beyond that is not required for 
subsequent calcification [25].  
Beta glucerophosphate (β-GP) was supplemented at 8 mM for osteogenic 
induction. In our study the ALP activity in the osteogenic cultures reflects only the 
influence of the P ions in the osteogenic media over and above the 8 mM β-GP. It is 
therefore difficult to accurately assess what effects the different concentrations of P 
ions had on ALP activities. Other studies investigating the requirement for and timing 
of ALP and β-GP in the process of mineralization have revealed that β-GP–and 
therefore inorganic P ion levels–are both necessary to initiate mineralization; however, 
following its initiation, mineralization in osteoblasts will continue independent of the 
levels of both ALP and β-GP [26, 27, 28]. β-GP contains an organic phosphate group 
that is released by ALP to free inorganic P ions, which then provides the chemical 
potential for promoting mineral deposition. An excess of extracellular inorganic P 
ions is a competitive inhibitor of ALP activity [29]. 
Biological mineralization is accomplished primarily by osteoblasts, chondrocytes, 
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and odontoblasts [30].	 The biochemical mechanisms that initiate cell-mediated 
mineralization subsequent to the increase in Ca++ and/or P ions levels are still subject 
to debate, but it seems cell apoptosis and death induced by Ca++ and/or P ions are play 
a role in the process of tissue mineralization [31]. In the present study, the rate of cell 
apoptosis increased with higher Ca++ and P ion concentrations, which also promoted 
and accelerated mineralization in hPDLCs. We are still uncertain as to the underlying 
mechanism for this phenomenon but we hypothesize that P ions-induced cell 
apoptosis somehow acts synergistically with extracellular Ca++ ions [32].  
The effects of Ca++ and P ions on the mRNA expression of specific genes 
revealed that ALP was downregulated in all experimental groups. The expression of 
Runx2 and OCN were either upregulated or downregulated in an ion concentration 
dependent manner. Runx2, for example, has a well-defined role as a transcription 
factor during the latter	 stages of osteoblastic maturation and is required for normal 
osteogenesis, being active throughout the induction, proliferation, and maturation of 
osteoblasts [31]. The significantly higher expression of Runx2 indicated that elevated 
Ca++ and P ions concentrations may promote the osteogenic differentiation of 
hPDLCs. OCN is a late marker of mature osteoblasts and its expression was seen in 
all experimental groups, although its expression was downregulated in most groups, 
with the exception of the 5.4 mM Ca/2.7 mM P and 9.0 mM Ca/4.5 mM P groups. It 
is conceivable that in our experimental system there is a cellular mechanism that 
maintains the fibroblastic phenotype of hPDLCs and stops them from differentiating 
into mature osteoblasts. 
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Conclusion 
The data gathered from this study indicates that both Ca++ and P ions can 
promote late, but not early proliferation of hPDLCs, accelerate in vitro mineralization, 
and inhibit ALP activity. There was no evidence of a linear relationship between ALP 
gene expression and the onset and quantity of in vitro extracellular mineralization in 
cultured hPDLCs. There are implications arising from these results with respect to the 
clinical use of biodegradable calcium phosphate bioceramics to repair periodontal 
bone defects, and also for hydroxyapatite cement paste-coated implants for achieving 
better osseointegration by the simultaneous local concentrations of Ca++ and P ions. 
Within the range of Ca++ and P ions concentrations tested in this study, the combined 
concentrations was 9.0 mM of Ca++ and 4.5 mM P (Ca/P ratio of 2.0) most vigorously 
promoted in vitro hPDLC proliferation, differentiation and mineralization. 
 
Disclosure statement 
We declare that we have no competing financial interests involving this work. 
Acknowledgements 
The authors would like to thank Mr Thor Friis for his proofreading of the final 
draft of this manuscript. 
 
 18 
References 
1. Lekic P, McCulloch CA.Periodontal ligament cell population: the central role of 
fibroblasts in creating a unique tissue. Anat Rec. 1996;245:327-341. 
2. Arceo N, Sauk JJ, Moehring J, Foster RA, Somerman MJ.Human periodontal cells 
initiate mineral-like nodules in vitro. J Periodontol. 1991;62:499-503. 
3. Jeffcoat MK.Bone loss in the oral cavity. J Bone Miner Res. 1993;8 Suppl 
2:S467-473. 
4. Caffesse RG, de la Rosa M, Mota LF. Regeneration of soft and hard tissue 
periodontal defects. Am J Dent. 2002;15:339-345. 
5. Elangovan S, Srinivasan S, Ayilavarapu S.Novel regenerative strategies to 
enhance periodontal therapy outcome. Expert Opin Biol Ther. 2009;9:399-410. 
6. El-Ghannam A.Bone reconstruction: from bioceramics to tissue engineering. 
Expert Rev Med Devices. 2005;2:87-101. 
7. Caffesse RG, de la Rosa M, Mota LF. Regeneration of soft and hard tissue 
periodontal defects. Am J Dent. 2002;15:339-345. 
8. Silver IA, Murrills RJ, Etherington DJ.Microelectrode studies on the acid 
microenvironment beneath adherent macrophages and osteoclasts. Exp Cell 
Res. 1988;175:266-276. 
9. Puleo DA, Nanci A.Understanding and controlling the bone-implant 
interface.Biomaterials. 1999;20:2311-2321. Review. 
10. Bernstein A, Nöbel D, Mayr HO, Berger G, Gildenhaar R, Brandt J.Histological 
and histomorphometric investigations on bone integration of rapidly resorbable 
calcium phosphate ceramics. J Biomed Mater Res B Appl 
Biomater. 2008;84:452-462. 
11. Langstaff S, Sayer M, Smith TJ, Pugh SM. Resorbable bioceramics based on 
stabilized calcium phosphates. Part II: evaluation of biological response. 
Biomaterials. 2001;22:135-150. 
12. Zayzafoon M. Calcium/calmodulin signaling controls osteoblast growth and 
differentiation. J Cell Biochem. 2006;97:56-70. 
 19 
13. Munaron L.Intracellular calcium, endothelial cells and angiogenesis. Recent Pat 
Anticancer Drug Discov. 2006;1:105-19. 
14. McCullen SD, Zhan J, Onorato ML, Bernacki SH, Loboa EG. Effect of varied 
ionic calcium on human adipose-derived stem cell mineralization. Tissue Eng Part 
A. 2010;16:1971-1981. 
15. Nakamura S, Matsumoto T, Sasaki JI, Egusa H, Lee KY, Nakano T, Sohmura T, 
Nakahira A.Effect of Calcium Ion Concentrations on Osteogenic Differentiation 
and Hematopietic Stem Cell Niche-Related Protein Expression in Osteoblasts. 
Tissue Eng Part A. 2010;16:2467-2473. 
16. Maeno S, Niki Y, Matsumoto H, Morioka H, Yatabe T, Funayama A, Toyama 
Y, Taguchi T, Tanaka J. The effect of calcium ion concentration on osteoblast 
viability, proliferation and differentiation in monolayer and 3D 
culture.Biomaterials. 2005;26:4847-4855. 
17. Kanatani M, Sugimoto T, Kanzawa M, Yano S, Chihara K.High extracellular 
calcium inhibits osteoclast-like cell formation by directly acting on the 
calcium-sensing receptor existing in osteoclast precursor cells. Biochem Biophys 
Res Commun. 1999;261:144-8.  
18. Eklou-Kalonji E, Denis I, Lieberherr M, Pointillart A.Effects of extracellular 
calcium on the proliferation and differentiation of porcine osteoblasts in vitro. Cell 
Tissue Res. 1998;292:163-171. 
19. Adams CS, Mansfield K, Perlot RL, Shapiro IM.Matrix regulation of skeletal cell 
apoptosis. Role of calcium and phosphate ions. J Biol Chem. 2001 
8;276:20316-20322.  
20. Meleti Z, Shapiro IM, Adams CS.Inorganic phosphate induces apoptosis of 
osteoblast-like cells in culture. Bone. 2000;27:359-366. 
21. Mansfield K, Teixeira CC, Adams CS, Shapiro IM.Phosphate ions mediate 
chondrocyte apoptosis through a plasma membrane transporter mechanism. Bone. 
2001;28:1-8. 
 20 
22. Wu LN, Guo Y, Genge BR, Ishikawa Y, Wuthier RE.Transport of inorganic 
phosphate in primary cultures of chondrocytes isolated from the tibial growth 
plate of normal adolescent chickens. J Cell Biochem. 2002;86:475-489. 
23. Sugimoto T, Kanatani M, Kano J, Kaji H, Tsukamoto T, Yamaguchi T, Fukase 
M, Chihara K.Effects of high calcium concentration on the functions and 
interactions of osteoblastic cells and monocytes and on the formation of 
osteoclast-like cells. J Bone Miner Res. 1993;8:1445-1452. 
24. Honda Y, Fitzsimmons RJ, Baylink DJ, Mohan S. Effects of extracellular calcium 
on insulin-like growth factor II in human bone cells. J Bone Miner 
Res. 1995;10:1660-1665.  
25. Henrichsen E. Alkaline phosphatase and calcification: Histochemical 
investigations on the relationships between alkaline phosphatase and calcification. 
Ejnar Munkgaard, Copenhagen, 1958, 42-44. 
26. Tenenbaum HC.Levamisole and inorganic pyrophosphate inhibit 
beta-glycerophosphate induced mineralization of bone formed in vitro. Bone 
Miner. 1987;3:13-26. 
27. Bellows CG, Aubin JE, Heersche JN. Initiation and progression of mineralization 
of bone nodules formed in vitro: the role of alkaline phosphatase and organic 
phosphate. Bone Miner. 1991;14:27-40. 
28. Fratzl-Zelman N, Fratzl P, Hörandner H, Grabner B, Varga F, Ellinger A, 
Klaushofer K.Matrix mineralization in MC3T3-E1 cell cultures initiated by 
beta-glycerophosphate pulse. Bone. 1998;23:511-520. 
29. Coburn SP, Mahuren JD, Jain M, Zubovic Y, Wortsman J.Alkaline phosphatase 
(EC 3.1.3.1) in serum is inhibited by physiological concentrations of inorganic 
phosphate. J Clin Endocrinol Metab. 1998;83:3951-3957. 
30. Hideo Orimo. The mechanism of mineralization and the role of alkaline 
phosphatase in health and disease. J Nippon Med Sch. 2010;77:4-12. 
31. Huitema LF, Vaandrager AB.What triggers cell-mediated mineralization? Front 
Biosci. 2007;12:2631-2645. 
 21 
32. Mansfield K, Pucci B, Adams CS, Shapiro IM.Induction of apoptosis in skeletal 
tissues: phosphate-mediated chick chondrocyte apoptosis is calcium dependent. 
Calcif Tissue Int. 2003;73:161-172. 
33. Jensen ED,Gopalakrishnan R,Westendorf JJ. Regulation of gene expression in 
osteoblasts. Biofactors. 2010;36:25-32. 
 22 
 Figure legends 
Figure 1. Immunofluorescent staining on hPDLCs. Positive staining for 
vimentin (green color in plasma) (A). Negative staining for keratin (B). No staining 
was detected in the negative controls without primary antibodies (C), (D). (Original 
magnification 100X) 
Figure 2. Cell proliferation of hPDLCs cultured in growth medium. On day 1, 
cell proliferation in all experimental groups was inhibited. Supplementing media with 
Ca++ and P ions enhanced cell proliferation at days 3, 5 and 7. Culturing the cells for 
longer periods of time resulted in more significant effects on cell proliferation. (A) 
Adding Ca++ ions alone; (B)Adding P ions alone; (C)Adding combination of Ca++ and 
P ions.*p < 0.05, **p < 0.01 against the control. 
Figure 3. Detection of cell apoptosis. Representative scatter graphs are shown. 
Apoptosis was quantified by FACS analysis after staining with Annexin V and PI at 
day 14. Viable cells were Annexin V−/PI− (F3), early apoptotic cells were Annexin 
V+/PI− (F4), late apoptotic cells were Annexin V+/PI+ (F2) and necrotic cells were 
Annexin V−/PI+ (F1). The cell treated with higher combination of Ca++ and P ions 
showed higher apoptosis rate compared with control group. 
Figure 4. ALP activity of hPDLCs cultured in osteogenic medium with varied 
Ca++ and P ions concentrations. (A) Adding ionic Ca++ alone; (B) Adding P ions alone; 
(C) Adding combination of Ca++ and P ions. The control group (1.8 mM Ca /0.9 mM 
P) had the most activity relative to any other experimental groups at any time point 
tested.	 The ALP activity progressively increased with culture time in the control 
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group. The ALP activity in all experimental groups was similar, and there were not 
clear changes resulting from different culturing periods. *p < 0.05, **p < 0.01, #p < 
0.001 against the control. 
Figure 5. The process of mineralization of hPDLCs in osteogenic medium with 
different Ca++ and P ions supplements. Cell cultures of 9.0 mM Ca /2.7mM P and 9.0 
Ca mM/4.5mM P group first exhibited mineral nodules at day 5. After 7 days in 
culture, nodules also began to appear in 5.4 mM Ca /2.7 mM P and 5.4 mM Ca /4.5 
mM P group, with the most obvious mineralization nodes found in 9.0 mM Ca /4.5 
mM P group. Control groups showed mineralization nodes at approximately day 13, 
and at this time mineralized nodes of all experimental groups were also increased. 
(Original magnification 100X) 
Figure 6. Photos before staining and Von Kossa staining at day 21. (A)Adding 
Ca++ ions alone. 9.0 mM Ca /0.9mM P group exhibited the most mineralzation nodes. 
(B)Adding P ions alone. 1.8 mM Ca /4.5 mM P group revealed the maximum degree 
of mineralization. (C) Adding combination of Ca++ and P ions. 9.0 mM Ca /4.5 mM P 
group showed the most obvious mineral nodules. 
Figure 7. RT-PCR analysis of osteogenic differentiation markers. 
Representative agarose gels are shown. As compared to cells grown in control media, 
Runx2 mRNA levels were upregulated in all experimental groups tested, while ALP 
mRNA levels were down-regulated in all experimental groups. OCN mRNA levels 
were increased only in 5.4 mM Ca /2.7 mM P and 9.0 mM Ca /4.5 mM P groups.  
 
